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The work described i n  t h i s  report was perfomed by Imkheed 

Missiles and Space Company for the 19stionafAeronsutics and space 

Administration under contract &D. IUS 5-9628, m s t i g a t i o n  of In- 

Flight Roll Control Techniques for Sounding Rockets. This document 

represents the  final report on the study which w a s  carried aut from 

August through December 1965. 

i n g  Rocket Branch (Code 671) of t h e  Goddard Spece Flight Center (GSFC), 

under the technical cognizance of Mr. J. T. Xawrence. 

The s t u d y  was conducted for  the Sound- 

The purpose of the study was t o  investigate techniques for main- 

taining r o l l  control of sounding rockets i n  the presence of configtam- 

t ional,  mass and thrust asymmetries. 

r o l l  rate were investigated: Reaction Impulse, Aerodynamic Surface 

Deflection, and Center of Gravity Shift. The obJective of the work 

was t o  evaluate the relative merits of these methods fo r  r o l l  control 

upon the basis of simplicity, weip$t, size and adaptability t o  opera- 

t i ona l  and development vehicles and t o  recommend the most promising 

approach fo r  further development. 

Three methods fo r  control of 

This work represents an outgrowth of the understanding of the 

r o l l  resonance phenomena experienced by sounding rockets and the ester- 

blishment of the sources and mechanisms leadlng t o  r o l l  lock-in devel- 

oped i n  a previous study - The Aerobee l5OA Roll Inck-In Study, Con- 

tract No. NAS 5-9061 - also conducted f o r  GSFC by UBC. 
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The results of an investlgation into techniques for controlling 

roll rate during the flight of sounding rockets in the presence of 

configurational, miss and thrust asymmetries are presented, 

asymmetries cause coupling between the pitch and roll modes leading 

to roll lock-in. 

(1) overpowering the asymmetry effects with auxiliary roll driving mom- 

ents and (2) reducing the effects of the asymmetries. 

Such 

Means for maintaining roll control were devised by 

Three methods were studied: Reaction Impulse, Aerodynsmic Sur- 

The relative merits Of face Deflection, and Center of Gravity Shift. 

these methods were evaluated throu& preliminary design upon the 

basis of simplicity, weight, size and adaptability to operational and 

development vehicles. 

Tip ailerons mounted on two fins emerged as the most promising 

roll control device, especially when coupled with a wind driven gyro 

actuator for programming to nearly constant roll rates. This device 

is recamended for  further development. 

The auxiliary r o l l  moment technique and devices which were da- 

vised and evaluated for recovery from roll lock-in and catastrophic 

growth of the angle of attack provide an attractive feature for a l l  

f lists. 

of two or three) during passage through roll resonance accrues for 

A very significant reduction in angle of attack (by a factor 
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combinations of asymmetries less  than the lock-in tolerances. This 

angle of attack control w i l l  provide decreased attitude and trajectory 

dispersions i n  the presence of mass, configurational and thrust asym- 

metries. ! 
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Section 1 
mrRomc!r10Iv 

1.1 Background to the Study 

Roll rate programs are usually introduced in sounding rockets in 

order to reduce trajectory dispersion caused by vehicle asymmetries and 

to maintain attitude control. The use of passive means such 88 differ- 

ential fin cant introduces an additional requirement for successfully 

negotiating roll  resonance in the presence of configurational, mass 

and thrust asymmetries. These asymmetries can lead to roll lock-in 

and subsequent catastrophic growth of the angle of attack, as w a s  demon- 

strated in the Aerobee 15OA Roll Inch-In Study of Reference 1. An 

explanation of the mechanisms of the resulting roll resonance and angle 

of attack divergence was developed upon the basis of the equilibrium 

trim response of the spinning vehicle. 

tolerances on asymmetry combinstions (e.&, lateral center of gravity 

offset and aerodynamic or thrust pitch trim) yielding recovery from roll 

resonance and subsequent convergence of angle of attack. The evaluation 

of the idluence of the timevarying environment and vehicle dynamic 

response demonstrated that the criteria based on equilibrium or steady state 

solutions yield conservative and realistic tolerances. 

It was then possible to specify 

However, the asymmetry tolerances defined in this manner are 

difficult to assess with current pre-flight checkout and balancing 
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procedures. Hence, investigation of means for positive control of the 

dynamic behavior during flight represented a natural outgrowth of the 

understanding of the r o l l  resonance phenomena experienced by sounding 

rockets. Identification of the sources and establishment of the mechanisms 

lesding to roll lock-in suggested several promising techniques for in- 

flight control of the motion. 

was embarked upon. 

With this background the present study 

1.2 Study Objectives 

This report describes the work accomplished under Contract No. 

NAS 5-9628, In-Flight Roll Control Techniques for Sounding Rockets, during 

the period fram August through December 1965. The study was performed for 

the Sounding Rocket Branch (Code 671) of Goddard Space Flight Center, 

N8tional Aeronautics and Space Administration (NASA), under the technical 

cognizance of W. J. T. Iawrence, Technical Officer. 

The purpose of the s t u d y  is to investigate techniques for maintain- 

ing roll control of sounding rockets in the presence of configurational, 

mass and thrust asymmetries. Three methods for control of the roll rate 

axe being investigated: (1) Reaction liopulse, (2) Aerodynamic Surface 

Deflection, and (3) Center of Gravity Shift. 

is to evaluate the relative merits of these methods for roll control upon 

the basis of simplicity, reliability, weight, size and adaptability to 

operational and development vehicles and to recanmend the most promising 

approach for further development . 

The objective of the work 



1.3 Technical A p p r o a c h  

I 

The methods of analysis developed i n  the Roll Iack-In Study of 

Reference 1 were uti l ized f o r  the analysis of the roll control techniques. 

The prinrarg emphasis is placed on dynamic motion response at  smsll angler 

of attack. 

the basis of the equilibrium t ~ i m  response fo r  a spinning vehicle. 

influence of vehicle dynamics and time varying environment w8s evaluated 

numerically with the Roll-Pitch Motion (RPM) program developed fo r  the 

roll lock-in study and described i n  Reference 2. %is approach proved 

t o  be invaluable i n  the ci ted study for establishing the sources and 

mechanisms leading t o  lock-in &d fo r  specifying r ea l i s t i c ,  conservative 

asymmetry tolerances. Since the principal forces and mments causing r o l l  

lock-in are body-fixed or oriented, corrective measures can be established 

and executed i n  the body-referenced axis system. 

pitch damping inherent i n  current sounding rocket design, dynamic motions 

about trim are smsll and w e l l  damped. 

do not influence the principal trim response t o  and correction for the  

%e motion behavior control requirements w e r e  examined on 

The 

Because of the high 

Therefore, dynamic motion eff'ects 

asymmetries. 

!€be merit of a given control technique was determined by the amount 

of improvement i n  the pre-flight asymmetry tolerances. 

schemes were devised t o  yield the simplest and most reliable system with 

minimum interference to the existing rocket design. 

350 vehicle was used as the basis f o r  evaluation of these schemes, adapta- 

b i l i t y  t o  other sounding rockets represented a very important considera- 

tion. 

Mecbnization 

Although the Aerobee 
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Preliminary designs w e r e  then developed for the A e r o b e  350 which 

provided equivalent improvement i n  the asymmetry tolerances i n  order to 

place the comparison of each device upon a colllpwIl basis. 

1.4 Plan of R e p o r t  

B e  results of the investigation are presented in  the subsequent 

sections. The development of the effectiveness of various control techni- 

Ques, including timing requirements and operational limitations, is pre- 

sented i n  Section 2. 

the mechanization scheme which evolved fran the study including a sugges-;ed 

Section 3 describes the design evaluation made for 
I 

developQKnt plan. Principal conclusions drawn *om the study and reconmen- 

dations for f’urther developzaent of the most promising device are presented 

i n  Section 4. 



,Section 2 

EVAZLIATION OF €OLL CONTROL !EE"IQUES 

2.1 Review of Roll In&-In Phenomena 

In order t o  place the present study into the proper perspective, 

a brief r e v i e w  of the ro l l  lock-in problem is i n  order. Roll lock-in 

is  construed here t o  mean mainzenance of r o l l  resonance throughout the 

atmospheric portion of the trajectory. The studies of References 1 and 

2 clearly demonstrate that the body-fixed asymmetries such as aerodynamic 

trim or thrust  misalignment a d  lateral center of gravity offset  are the 

primary sources of roll resonance phenomena. 

The definition of these asymmetries and orientation in  the body- 

fixed axis system is i l l u s t r a t d  i n  Figure 2-1. 

t i on  for  axes, angle of attack, body rates and aerodynamic characteris- 

t i c s  is adopted. 

trim angle of attack, wsT , appears in  the first quadrant. 

tion, @ , of the total angle of attack, ctT , is measured clockwise from 

the positive y axis. 

The standsrd NASA not&- 

Pitch trim asymmetries are defined such that the static 

The orienta- 

The pitch response of the spinning vehicle sets the stage and pro- 

vides the primary source of energy for  loss of roll control. 

known resonant response of the trim angle of attack is reviewed in  

Figure 2-2 for  the Aerobee 350 vehicle. 

The w e l l  

The s t a t i c  trim angle of attack 

resulting from a configurational or mass asymmetry, is greatly ST' cy 
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m c  ~31-65-1 

magnified in the vicinity of resonance (i.e., p Z' w), where the aerodynamic 

stability is reduced or cancelled by the "gyroscopicn stability (Mg. 2-2a). 

The peak amplification which is determined by the effective -ping changes 

with time along the trajectorg as indicated in the figure. Note that large 

amplitudes are reached only in close proximity to resonance. For sounding 

rockets such as the Aerobee l5OA or 350, the peak occurs virtually at p=w. 

Ihe trim angle of attack is greatly reduced for spin rates above resonance 

p > w , tending toward zero for large p/w. 

the trim angle of attack with respect to the static trim undergoes a radi- 

cal shift during passage throqh resonance as depicted in Figure 2-2b. At 

resonance, a phase shift f close to 90 degrees is encoufitered and approaches 

180 degrees for large p/w. 

change in the close proximity to resonance (2546) while the amplification 

changes little. 

amplification) are maintained m r  a phase shift of %5 degrees about 

resonance. 

The relative orientation of 

This phase angle is seen to undergo a large 

Thus, large resultant angles of attack (7% of peak 

Coupling between the resultant trim normal force and lateral c. g. 

offset, plus the induced roll moment from body-fin flow interactions, can 

then cause serious degradation of the rollmoPaent fran fin cant. For 

sufficiently large pitch asyrmretry, induced roll moment in itself can 

cause roll lock-in. 

increasing magnitude of Lateral center of gravtty offset is required to 

cause roll lock-in. 

With trim asymmetries smaller than this value, 

By using the peak trim angle of attack derived f ran the equilibrium 

resonance response for pw, the orientation of the body-fixed asymmetries 

causing the maximum roll rate degradation can be prescribed uniquely. 
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This sfiangement is s h m  in Figure 2 - 3  for large angles of attack where 

the circled signs indicate the direction of the induced r o l l  mment term. 

me longitudinal asymmetry ho (or 6 )  causes a static trim am which 

rotates ninety degrees and grows to aT = e& at resonance. 

ing n o m 1  force and the lateral c.g. orientation combine with the nega- 

tive induced rollmment to cause the greatest roll moment degradation 

with this orientation in the body. 

me result- 

!%is coupling is illustrated in Figure 2-3b for two times in the 

flight as a function of proximity to resonance. 

coefficient resulting from fin, cant and damping (Ma, + C 

r o l l  (CJ  ) and normal force-laxera1 c.g. coupling (ACG CN, eTj is given as 

functions of the spin parameter p/w. 

flight time in this example, as depicted by the change in slope. 

in the flight, the fin cant driving moment can be cancelled by induced 

roll moment alone (point cl), lateral c.g. offset alone ( c ~ ) ,  or the com- 

bined effects of induced roll and c.g.-normal force coupling (C ). 

increasing time, the intersections move fran C2, C2, and C 

and D 

attack. If the peak trim angle of attack and, hence, the p e e  asymmetry 

rolling moment coefficient CQ (points D), grows faster than the fin cant 

line rotates, roll resonance continues throughout the atmospheric por- 

tion of the flight (i. e., r o l l  lock-in) . 
above the peak D, only the solution B exists, and hence, breakout from 

roll resonance occurs. Thus, the tangency point D represents the maxi- 

mum allowable asymmetries for breakout from roll resonance. Because the 

magnitude of the induced roll moment and the c.g.-noma1 force coupling 

depend upon angle of attack, paints D can also be utilized for specifying 

The total rolling moment 

pd/2V), induced ap 
I 

Only fin damping is varied with 

Early 

With 3 
to D1, D2, 3 

respectively, at the peak magnification of the trim angle of 3' 

When the fin cant line rotates 

3 
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asymmetry tolerances i n  order t o  l i m i t  the angle of attack t o  a predeter- 

mined maxim. 
a 

w i t h  this "worst conditioi" arrangement f o r  peak aT, c.g. location 

and Ch, the lateral c. g. offset  required t o  maintain r o l l  resonance 

(i.e., p w )  is  known throughout the trajectory f o r  a given magnitude of 

the pitch trim asymmetry (ho or 6 ) .  

of trim asymmetries yields the maximum angle of attack and r o l l  lock-in 

tolerance contours depicted i n  Figure 2-3c f o r  a given vehicle and speci- 

fied trajectory. 

tolerance contours w i l l  always Dreak out fram r o l l  resonance or not 

exceed the angle of attack limitation. However ,  significant motion dis- 

turbances may occur. 

i n  w i l l  occur for stme amangement of the asymmetry combinations lying 

a b m  or t o  the right of the corresponding tolerance contour. 

Embat ion  of an appropriate range 

Asymmetry combinations below and t o  the lef t  of the 

The angle of attack l i m i t  w i l l  be exceeded or lock- 

The intercept (i.e., ACG = 0) occurs a t  the msonance t i m e  f o r  the 

naminal r o l l  rate program. 

increases w i t h  higher magnitudes of ACG. In essence, for  asymmetry com- 

binations along the contour, roll resonance begins a t  the intercept time 

and continues u n t i l  the time of breakout indicated (e.&, 42 seconds f o r  

ACG = 1.0 inch). It should also be noted t h a t  along the lock-in contour 

the angle of attack is everywhere equal t o  the  c r i t i c a l  value a* where 

the induced r o l l  moment changes sign (Ref .  1,2,5). 

Tbre of breakout from r o l l  resonance then 

Now the contours of Figure 2-3c represent the asymmetry tolerances 

that must be observed i n  pre-flight preparation and checkout of the sound- 

ing rocket t o  avoid r o l l  lock-in or an angle of attack l i m i t .  

r e n t  estimates of thrust  misalignment magnitudes (about 0.1 degree from 

While cur- 
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the geometric centerline) are w e l l  within the tolerance contours for a 

fin cant of 0.3 degree, the region is severely restricted f o r  0.15 degree 

cant. 

centerline, an additional thrust  asymmetry is introduced by the c.g. off- 

set. 

the center of gravity position. 

In addition, if the thrust misalignment is  measured from the vehicle 

In other words, the thrust  asymmetry is  specified with respect t o  

2.2 Motion Control Methods 

Two methods are available for breaking out from r o l l  resonance for  

combinations of asymmetry above the asymmetry tolerance depicted i n  

Figure 2-3c. These are: 

(2) reduce the asynsaetry r o l l  mment directly. 

plished by an awtilisry r o l l  moment t o  increase the r o l l  driving moment 

from the f i n  cant. 

angle of attack or displacing the c.g. appropriately. 

f o r  in-flight r o l l  control investigated represent different hardware 

approaches t o  these two methods or combinations thereof. !&e three main 

categories of r o l l  control techniques studied were (a) reaction impulse, 

(b) aerodynamic surface deflection, and (c) lateral center of gravity 

displacement. 

(1) overpower the asymmetry r o l l  moment or 

The former can be accm- 

The l a t t e r  method can be accomplished by reducing 

The three techniques 

The mechanism f o r  accomplishing the r o l l  rate increase or angle of 

a t tack  reduction is  i l lustrated i n  Figure 2-4 i n  terms of the t o t a l  ro l l ing  

mment coefficient. 

are reproduced here from Figure 2-3b by the sol id  curves. 

metry combination exceeds the tolerance contour, r o l l  resonance occurs a t  

point El and w i l l  remain locked i n  throughout the entire flight (point 4). 

The conditions represented by the tolerance contours 

If the asym- 
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Application of a rol l ing moment (A -. B) by meam of a reaction moment (RM) 

or t i p  aileron deflection (ha) w i l l  increase the effective f i n  driving 

m a n e n t  above the asymmetry moment and provide breakout t o  point F. 

removsl of the auxiliary r o l l  m.anent a t  a later t i m e  (G -. H), the solution 

will gravitate toward point F'. Since breakout w i l l  occur fo r  the tangency 

a 
With 

condition, 

ACG or  (& 
In a 

the applied moment can overcome a larger magnitude of e i ther  

3' and 8 depicted by point E 

similar manner, the application of a pitching moment (PM) or  

a lateral c.g. s h i f t  can reduce the magnitude of the asymmetry r o l l  m o m e n t  

as sham i n  Figure 2-4b. 

thereby decreasing the magnitude of the normal force and the induced r o l l  

moment C A  

(ACG - Am). 

The pitch moment (PM) reduces the angle of attack, 

The c.g. s h i f t  (Am) acts direct ly  on the noma1 force coupling 

In either case, the nominal fin driving moment exceeds that 
I* 

caused by the  asymmetries and drives the r o l l  rate toward point F. When 

the auxiliary m m n t s  are released, the solution gravitates toward point F'. 

Again, the applied moments can overcome a larger asymmetry combination of 

3' ACG, Cmo or 8 equivalent t o  raising point E t o  D 3 
'Ihis is exactly the procedure used t o  establish the tolerance con- 

tours of References 1 and 2. Therefore, a new tolerance contour can bt 

established by considering the aileron deflection, reaction moment, o r  

c.g. shift t o  be acting tbrou&aut the ent i re  trajectory, as depicted i n  

F i w e  2-4c. A typical point on the original contour sh i f t s  from A t o  A '  

for a c.g. shift, reaction r o l l  moment impulse or aileron deflection, and 

t o  A" for a reaction pitch impulse or a pitch aerodynamic surface deflec- 

t i on  (g). 
l i m i t  angle of attack contours or the roll lock-in contours. 

This solution technique can be applied equally w e l l  t o  the 

As a matter 
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of fact ,  i n  the process of assessing the r o l l  lock-in contours, the angle 

of attack l i m i t  contours are determined also. The orientation of the 

'korst condition" is altered by 45 degrees t o  account for the change of 

sign of induced roll moaaent at trngles of attack smaller than the c r i t i -  

csl value cy . * 

The equations used t o  ccmpute the improved tolerance contuurs are 

presented i n  Figure 2-5. 

Figure 2-9, the equations of motion ( R e f .  1,2) reduce t o  a particularly 

simple form under the  assumption of ro l l  resonance (FLU). 

t ion  in  Figure 2-5 represents the l a t e ra l  c. g. offset necessary t o  main- 

tain roll rate at the pitch nataral frequency for  the resonant t r i m  angle 

of attack of the second equation. 

mment F'M have been incorporated into the ACG and mT equations, respectively. 

Aerodynamic surface deflections were treated as an effective change i n  6 

f o r  roll and t&,, for pitch control. Cerrter of gravity displacement i s  

represented by an effective change i n  thrust asymetry 6 and a bias of 

ACG. 

forms as i l lus t ra ted  by the lower formulae. Note that all quantities i n  

the equations are knm f o r  a given vehicle and trajectory prafile. 

Furthermore, no restr ic t ion on vehicle and aerodynamic characteristics 

other than small  angle l inearity has been imposed. Hence, determination 

of the allowable asymmetries becomes a straightforward process for  e i ther  

r o l l  lock-in or maximum angle of attack l i m i t  w i t h  a fixed magnitude of 

control moment applied throughout the trajectory. 

W i t h  the  arrangement of aspmetries shun  i n  

The first equa- 

The reaction roll moment RM and pitch 

When ACG f 0, the intercept solutions reduce t o  particularly simple 



2.3 Asymmetry Tolerance Contour Improvement 

The improvement i n  the r o l l  lock-in tolerance contours for repre- 

sentative control moment e t u d e s  are summaxized i n  ~ i g u r e  2-6a for 

aerodynamic trim asymmetry and i n  Figure 2-6b f o r  thrust  asymmetry 

idividually. 

were shown i n  References 1 and 2. 

moments have been selected t o  yield about equivalent improyement i n  the 

tolerance contours. 

levels t o  avoid r o l l  lock-in is evident. 

impulse increases the  aerodynaoic trim asymmetry intercept by 41 percent 

Cambined aerodynamic and thrust  trim asymmetry effects 

Magnitudes of the  applied control 

Very significant increase i n  tolerable asymmetry 

For example, a r o l l  reaction 

from 0.83 t o  1.17 and the thrust  asymmetry by 60 percent frm 1.55 t o  

2.48. With a center of gravity offset  of 0.9 inch, the corresponding 

increase is 138 percent and l-86 percent f o r  % and e, respectively. 

Figure 2-68, the r o l l  reaction impulse and pitch aerodynamic surface 

deflection are seen t o  essentially sh i f t  the original contour t o  a higher 

%. 
equivalent t o  the c.g. displacement less the effect  of the induced thrust  

misalignment. 

cm0 with larger ACG because of the greater effectiveness of the reaction 

impulse with decreasing dynamic pressure later in  the trajectory. In  

Figure 2-6b, the r o l l  and pitch reaction moments w e r e  selected t o  yield 

an identical impruvement i n  the e intercept. In t h i s  case, the pitch 

moment (PM) provides a s h i f t  i n  the original contour t o  larger 6. The 

c.g. sh i f t  technique again raises the original contour t o  a higher ACG 

but also sh i f t s  t o  a lower e by the amount of the induced thrust misalign- 

In 

The c.g. s h i f t  technique raised the original contour an amount 

The pitch reaction impulse yields an increasingly larger 
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ment. The t i p  r o l l  aileron i s  seen t o  be more effective f o r  smaller ACG 

levels while the pitch surface deflection appears equivalent t o  the roll. 

reaction impulse. 

2.3.2 m i t i n g  wim Asymmetrs 

The improved contours shown in  Figure 2-6 were developed for 

somewhat arbi t rary magnitudes of controlmoments. These resul ts  suggest 

unlimited improvement with increasing control magnitudes. However, tra- 

jectory and vehicle characteristics l i m i t  the improvement as i l lus t ra ted  

i n  Figure 2-7 f o r  the intercept trim asymmetries, h0 or  8. 

of the intercept depends only upon the t i m e  of resonant a l t i tude  (for 

The value 

6 = 0.3 degree, t = 32 seconds, so t ha t  cm0 = 0.82 and 8 = 1.53). 

cation of a r o l l  mment yields a new resonance time (t = 29 seconds f o r  

FZm = 500 f t / lb ,  fo r  example), resulting i n  Cmo = 1.17 and 8 = 2.47 degrees 

from Mgure 3-7. 

Figure 2-68 and b f o r  Rm = 500 ft/lb. 

Appli- 

lhis corresponds t o  the intercept magnitudes shown i n  

This procedure suggests that fo r  

sufficiently large control magnitudes it may be possible t o  eliminate 

tolerances altogether. Rowever, operational limits such as maximum r0-J 

rate within the atmosphere or maximum vacuum r o l l  rate w i l l  r e s t r i c t  the 

usable increase as discussed later. 

2.4 Timing Criteria 

The timing c r i t e r i a  depends upon the magnitude of improvement in 

the tolerance contours desired (ho or c) and the absolute value of ACG 

t o  be accommodated. The timing c r i t e r i a  adopted are summarized in  
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e Figure 2-8 f o r  the r o l l  control mode and i n  Figure 2-12 f o r  the  pitch 

control m o d e .  

i n  Figure 2-9 through 2-11 f o r  the roll mode and i n  Figure 2-13 f o r  the 

pi tch mode.  

Breakout demonstrations with these criteria are presented 

2.4.1 Roll Control Mode 

Consider the  improved tolerance contour shown i n  Figure 2-8a f o r  

which r o l l  lock-in would obviously occur without the applied control. 

Since cyT = CY 

time is  associated with each t x i m  asymmetry magnitude (h0 or  e). 

constant time contours are ver t ica l  such as depicted f o r  points 3 and 5. 

For the sake af c lar i ty ,  the development of the  r o l l  control m o d e  

* everywhere along the contour, a particular t ra jectory 

Hence, 

criteria w i l l  be traced fo r  an effective change of f i n  cant angle frm 

6 t o  62. 

earlier time t2, the  t i m e  at  which nominal resonance occurs fo r  a f i n  cant 

of 

magnitude f o r  the f i n  cant angles b1 and 6 

The new intercept trim aspmetiy (say C, corresponds t o  an 
1 02' 

The ro l l ing  trim angle of attack response with the new intercept 

is  depicted i n  Figure 2-8b. 2 
The point AA establishes the intercept t r i m  asymmetry since Q = a*. Tmax 
The variation of cyaaax and a* with t i m e  are shown by the dashed contours. 

Application of the control impulse a t  t2 is inherently conservative since 

wT cannot increase above cy* due to the  increase of the r o l l  rate above 

resonance. 

be applied at any time where cyT = CY* such as point BB. 

t i o n  mer control application is point CC on the response curve f o r  S2. 

But t h i s  timing is no longer conservative "a prior i"  because of the over- 

However, for  equilibrium conditions, the control impulse can 

The trim condi- 
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shoot of the dynamic motion response possibly exceeding w* as depicted 

by the dash-dot curve. 

point EE which was selected as the in i t ia t ion  time cr i ter ia .  This tinre 

of crossover of the response m s  t 

&me times tl and t2 and independent of the magnitude of the trim asym- 

metry. 

hatched curve. 

?he condition yielding minimum overshoot is 

is a unique f’unction of the reson- 
0 

The resultant trim resFonse is then i l lustrated by the cross- 

The termination time tf selection is i l lus t ra ted  i n  Figure 2-8 f o r  

The angle of attack response f o r  the the c.g. asymmetry magnitude ACG 

come sponding % on the new tolerance contour, as indicated by the heavy 

solid lines, would reach e- at t2 (AA) if the f i n  cant 6* were applied 

thraug;huut the trajectory. 

grows t o  m* at t&, at which time breakout from resonance and subsequent 

reduction of 0;r (DD) occurs. 

Cm the allowable magnitude of lateral cog. offset is ACG n9rrespmfiiog 

t o  point 6 on the original con%our without control. 

t ro lmus t  be lnaintained un t i l  the t i m e  corresponding t o  Am3 on the 

or ia inal  contour. 

3’ 

During resonance, the  peak magnitude a- 

However, a t  t h i s  time i n  the trajectory with 

04’ 6 -  
Therefore, the con- 

When the f i n  cant 62 i s  applied at to (EB), the angle of attack 

response follows the cross-hatched contour u n t i l  release at t, (CC). The 

trim jumps t o  po in t  BB 

amounts t o  maintaining 

t o  ACG on the nominal 3 

J. 

where the mT must be less than w* ACG /bCG 

the applied control u n t i l  a t  least t corresponding 

tolerance contour. The combined r o l l  disturbance 

?his 3 5‘ 

3’ 

a t  point BB is  then less than that required t o  yield p=w. 

The contour improvements.were verified with dynamic solutions via 

the  RPM computer program ut i l iz ing the timing c r i t e r i a  i l lustrated i n  
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Figure 2-8. The resul ts  me indicated by the symbols spotted on Figure 

2-6. 

solid symbol indicates r o l l  loc-k-in. 

is shown f o r  control application contours by comparison w i t h  the proxi- 

mity of the closed symbols t o  the original contours. 

The open symbol depicts breakout from r o l l  resonance w h i l e  the 

A reduced degree of conservatism 

Representative breakout cases w i t h  r o l l  reaction moment applied 

are presented i n  Figure 2-9. 

f r o m  r o l l  resonance f o r  typical points on the improved contours for  the 

t i p  aileron and c.g. shif't techniques, respectively. All cases are seen 

t o  develop the familiar graKth of angle of attack u n t i l  breakout fWm 

r o l l  resonance occurs when the peak angle of attack magnification is 

reached fo r  the dynamic response. 

is not greatly altered but the phase orientation is  significantly 

improved by the applied roll control mament o r  the reduced r o l l  coupling 

resulting f r o m  the c.g. displacement. In general, the dynfimic motions 

with applied control exhibit the same characteristics observed for  those 

cases along the or iginal  contours w i t h o u t  control. 

Figures 2-10 and 2-11 demonstrate recovery 

The tu t a l  angle of attack response 

The rsnge of times used i n  Figure 2-9 indicates that the in i t ia t ion  

time based on equilibrium criteria is not c r i t i ca l ly  sensitive t o  variCzt,ions 

i n  nominal r o l l  rate history and pitch s t ab i l i t y  (i.e., w). 

t o  t i p  aileron r o l l  moment sham i n  Figure 2-10 demonstrates a significant 

reduction i n  the angle of attack response f o r  the equilibrium trim cri-  

teria. The roll rate response (Figure 2-1Oc) exhibits a short duration 

recapture t o  resonance u n t i l  f i n a l  breakout occurs a t  33 seconds. Note 

i n  the a-fl locus of Figure 2-loa that a similar trim growth occurs but 

displaced about 90 degrees in  phase. 

The response 
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The c.g. sh i f t  case of Figure 2-11 exhibits a s l igh t ly  different 

response than the direct  application of roll moment. 

c.g. is prepositioned i n  order t o  u t i l i ze  the resonant trim force t o  

increase roll rate. 

only the coupling is  reduced to yield breakout. 

resultant angle of attack about t h e  new trim w e l l  above resonance (point 

CC of Figure 2-8b) is  clearly demonstrated i n  Figurcs2-108 and 2-lob. 

The r o l l  rate response departs only momentarily from the nominal prof i le  

as shown i n  Figure 2-1Oc. 

In  this case, the 

3ence the angle of attack response is changed little-- 

The osci l la t ion of the 

2.4.2 Pitch Control Mode 

The timing criteria fo r  the pitch control mode is similarly i l lus -  

trated i n  Figure 2-12. The i n i t i a l  time to is determined by the  intersec- 

t ion  of the resonant response curves for the nominal resonance time tl 

and the psuedo resonance time t2 corresponding t o  the intercept Cm 

Figure 2-12a. 

of Figure 2-12b. 

moment with consequent breakout from r o l l  resonance. 

i n  
02 

The angle of attack then follows the cross-hatched contour 

This yields a peak aT = CY* a t  tl for the applied control 

The termination 

time again depends upon the magnitude of c.g. tolerance t o  be accommodated 

(e. g.,  ACG3). 

of attack response follows the curve labeled C, 

to, when the pitch control moment is  applied. 

follows the curve fo r  C, 

quent reduction of angle of attack t o  point CC. 

With the asymmetry combination of point 4 acting, the angle 

i n  Figure 2-12c u n t i l  
04 
Thereafter the response 

breaking out of resonance at t and with subse- 
03’ 3 

Release of the control 

moment a t  t 

less than cy* ACG3/XG at point BB i n  order t o  prevent reoccurrence of 

causes a jump t o  point BB. The angle of attack wT must be f 

5 
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r o l l  resonance due t o  the c.g.-normal force coupling. 

t o  maintaining the pitch control moment u n t i l  at  least t 

This corresponds 

3' 
The verification for this pitch mode t iming  criteria is illustrated 

i n  Figure 2-13 for a pitch reaction moraent applied at several times 

encompassing the equilibrium criteria. Figures 2-13a and 2-13b shw the 

angle of attack response follows the trim equivalent to  the reduced t r i m  

asymmetry (Cm, of Figure 2-12). 

due t o  the change i n  pitch s tab i l i ty  and damping with f l i gh t  t i m e .  

resonance of Figure 2 - 1 3 ~  is l i t t l e  changed with PM u n t i l  breakout occurs. 

A slight increase in  magnitude occurs 
I 3 

Roll 

2.4.3 Effect of R o l l  Rate Limitations 

The duration of the conxrolmoment application for the improved 

tolerance contours of Figures 2-68 and 2-6b were sufficient t o  handle a 

maximum ACG of 1.0 inch. Reduction of the duration t o  minimize energy 

requirements (e.@;., reaction impulse) o r  t o  satisfy an operational l i m i t  

such as maximum r o l l  rate can lead t o  a significant res t r ic t ion of the 

usable improvement i n  the contours. The effects of a r o l l  rate l i m i t a -  

t ion  upon the maximum contour improvement is i l lustrated i n  Figures 2-14 

through 2-16 fo r  the t i p  aileron r o l l  control technique. 

is based on the r o l l  rate attained at  termination of the r o l l  control 

The spin l i m i t  

with no asymmetries acting. 

By increasing the magnitude of the applied control t o  the equiva- 
:& 

l en t  of f i n  cant angle of 1.0 degree, fourfold increase in  the ACG-Cm, 

tolerance contour can be achieved. The comparison is shown i n  Figure 2-14. 

The intercept magnitude of 4.47 corresponds a new resonant t i m e  of 16.5 

seconds indicated by the upper plot of equilibrium spin rate and aero- 
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dynamic pitch frequency. Utilizing a 1.5 degree f i n  cant would appear 

t o  yield an in f in i te  intercept :olerance, since at booster burnout the 

roll rate is already a b m  resonance. 

to ry  i n  both cases parallels the aerodynamic pitch frequency, an extended 

However,  since the  r o l l  rate his- 

period of resonance could occur for smsll differences i n  fin cant or  

pitch stability. 

lent  fo r  other techniques) probably represent a reasonable upper l i m i t .  

It is  immediately apparent fram Figure 2-14 tha t  imposition of a 

Hence, f i n  cant angles up t o  1.0 degree (or the equiva- 

maximum r o l l  rate l i m i t  of 2 rps, fo r  example, w i l l  constrain the usable 

improvement i n  the tolerance contour. 

6 = 0.3 degree, the intercept Go of 0.83 occurs at  32.1 seconds (point 

EE). 

corresponds t o  ACG = 1.35 inches on the tolerance contour. 

Aerobee 350 vehicle can accopIIpod8te a range of C;no = 0.83; ACG = 0 to 

Cmo = 0.15; ACG = 1.35 inches w i t h  no control application under the con- 

s t r a in t  of a H K X X ~ ~ W I I  r o l l  rate of 2 rps. 

yields the 2 rps spin rate boundmy shown i n  Figure 2-14. 

Along the original contour fo r  

The equilibrium r o l l  rate reaches 2 rps at 45.8 seconds (F"), which 

Hence, the  

Application t o  other deflections 

W i t h  a deflection from 6 = 0.3 degree t o  6 = 0.5 degree (point AA 

t o  BB) as prescribed by the ini t ia t ion timing c r i t e r i a  of Figures 2-8 and 

2-12, limiting r o l l  rate is reached at 36 seconds (CC). 

control deflection t o  point DD corresponds t o  an allowable ACC of 0.4 

inch on the original contour rather than 1.12 inches on the control con- 

tour fo r  6 = 0.5 degree. Since the angle of attack is equal t o  @* along 

any of the contours, the ACG of point CC w o u l d  cause r o l l  resonance again. 

Xence, a ACG of 0.4 inch represents the maximum allowable along the con- 

t ro l  contour (point DD'). 

Release of the 

The asymmetry contour is then represented by 
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0.83 inch, the control application of 6 = 0.5 degree must be maintained 

EE' t o  DL)' (on the 6 = 0.5 degree curve) t o  DD (at constant ACG) through 

FF (on the original contour). %us, i n  order t o  acecumnodate a ACG of 

unt i l  42 seconds, which resul ts  i n  a maximum r o l l  rate of 2.75 rps. 

If the 2 rps constraint is applied t o  the f i n  cant of 1.0 degree, 

the value of the control is  completely negated. 

Figure 2-14 by the points Labeled ABCD. 

B, the r o l l  rate a t ta ins  2 rps at C (20.5 seconds). 

This is i l lus t ra ted  i n  

After f i n  deflection from A t o  

R e t u r n  t o  6 = 0.3 

degree (D) returns the r o l l  rat? t o  below resonance with subsequent r o l l  

lock-in after point EE, because the asymmetry combination is w e l l  above 

the original contour. In order t o  handle the ACG = 0.83 inch and 

C s  = 2.75 combination, the control application must again be maintained 

u n t i l  42 seconds. 

This requirement is  i l lustrated i n  Figure 2-15 fo r  an intermediat.e 

asymmetry combination of % = 1.5 and ACG = 0.83 inch. In Figure 2-15s 

a termination time tf = 20.5 seconds, corresponding t o  point C of Figure 

2-lk, merely returns the r o l l  rate t o  w e l l  below resonance (point D i n  

Figure 2-14) with subsequent r o l l  lock-in. 

returns the r o l l  rate t o  jus t  above resonance, where it is immediately 

locked in. 

resonance and continue t o  grow. 

Increasing t t o  33 seconds f 

Not u n t i l  tf = 42 seconds does the r o l l  rate remain above 

However, the r o l l  rate has significantly 

exceeded the vacum r o l l  rate for 6 = 0.3 degree as w e l l  as the 2 rps 

l i m i t  within the atmosphere. The cu-p locus of Figure 2 - 1 3  i l lus t ra tes  

an identical  growth and phase change toward the new trim u n t i l  the con- 

t r o l  is released. 

t o  the below resonance trim and subsequently grows i n  the familiar pattern 

For tf = 20.5 seconds, the angle of attack converges 
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during r o l l  resonance. 

r o l l  rate t o  s l ight ly  above redonance causes a gruwth of the angle of 

attack i n  a clockwise direction t o  the equilibrium orientation midway 

between the fins.  

continues t o  converge t o  the trim value w e l l  above resonance amr release 

of the c m t r o l  deflection. 

attack behaviar compared t o  the equilibrium trim response. 

grwth above trim is caused by the nearly 180 degrees phase shif t  t o  

the new trim for  6 = 1.0 degree, which is w e l l  ab- resonance. 

trim change causes the dynamic motion about the new t r i m  observed i n  

Figure 2-1%. 

then allows growth of the trim toward 20 degrees a t  naninal resonance. 

For tf = 33 seconds, the angle of attack again grows from a very small 

magnitude tavard the resonant trim value (uT > 20 deg) and locks i n  

because of the large asymmetry combination. But w i t h  tf = 42 seconds, 

the r o l l  rate is  sufficiently far above resonance t o  prevent return t o  

r o l l  resonance. 

For tf = 33 seconds, the immediate return of the 

When held un t i l  tf = 42 seconds, the angle of attack 

Figure 2 - 1 5 ~  depicts the resultant angle of 

Ihe initial 

This 

Release of the control deflection a t  tf = 20.5 seconds 

The resulting asynwetry contour i n  Figure 2-14 is then given by 

points C '  t o  C (on the 6 = 1.0 degree m) t o  Gag (Et constant ACG) and 

through FF (on the 6 = 0.3 degree curve). 

impruvement i n  the contour is determined by the maximum ACG desired. 

r o l l  rate limitation then determines the increase of $ or e possible. 

Thus, it is seen that the usable 

Ihe 

'&us, the simple impulse application of the ro l l  ccmtrol can 

result i n  very high r o l l  rates within the atmosphere and hence restrict 

the amount of improvement possible i n  the asymmetry tolerances. 

w i t h  f i n  deflection programming t o  maintain 2 r p s  r o l l  rate, the major 

portion of t h i s  potential improvement can be regained. This procedure 

However,  
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is  demonstrated i n  Figure 2-16 for the asynrmetry canbinations designated 

by the diamond symbols i n  Figure 2-14. 

it was necessary t o  reduce the ACC from 0.83 inch (on the 2 r p s  boundary) 

t o  0.7 inch t o  obtain breakout f r o m  r o l l  rescmance, as shown in Figure 

2-63. We case w i t h  % = 1.0 being w e l l  below the 2 r p s  boundary 

exhibited the predicted breakout behavior. %e explanation fo r  the lock-in 

case is  found i n  the r o l l  rate response. 

t ion  program was based on the equilibrium r o l l  response. 

the dynamic r o l l  rate attained only 1.92 rps due t o  lag effects as shown 

For the trim asymmetry of Cmo = 1.5, 

For these cases, the f i n  deflec- 

Consequently, 

i n  Figure 2-16b. The case w h i c h  locked i n  (ACG = 0.83 inch, f&,, = 1.5) 

i s  w e l l  above the 1.9 rps boundary, whereas the two cases which broke out 

from roll resonance are either on or below this curve. 

priately adjusting the r o l l  deflection program t o  provide 2 r p s  in  the 

dynamic case w i l l  yield the saane effectiveness as the fixed deflection 

with no r o l l  rate l i m i t .  

Hence, by appro- 

2.4.4 Usable Tolerance Contour Improvement 

The asymmetry tolerance contours for  m i o u s  r o l l  rate limitations 

can be constructed from information such as presented i n  Figure 2-14. 

Example tolerance contours for f i n  t i p  aileron deflections are given i n  

Figure 2-178 f o r  aerodynamic trim and i n  Figure 2-lD for  thrust asym- 

metries. 

t ions for f i n  deflection programming, as indicated by the cross-hatching 

for 2 rps and 6 = 1.0 degree. 

and a 3 r p s  sp in  l i m i t ,  the lawer boundary results -- a considerable 

The spin l i m i t  curves represent the usable tolerance combina- 

With a fixed f i n  deflection t o  0.75 degree 
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reduction of the allowable asymmetry tolerances. 

The final tolerance contours with pitch control follow a s i m i l a r  

pattern but w i t h o u t  a r o l l  r a t e  l i m i t  other than the r o l l  rate coIllpsti- 

b i l i t y  w i t h  the nrrnrlnal f i n  cant. The maximum desired ACG tolerance 

establishes the te rnha t ion  time tf (e.&, point DD of Figure 2-14). 

Ihe resulting tolerance b m d a r y  for  the pitch reaction moment of 4000 f t - l b  

is  i l lustrated in Figures 2-l8a and 2-l8b for  aerodynamic trim and thrust  

asynnnetries, respectively, with a ACG tolerance of 0.5 inch. The corres- 

ponding boundaries for other tezhniques can be similarly constructed. 

2.5 Angle of Attack Control 

The control procedures described thus far have been applied t o  

breakout frcm r o l l  resonance in  order t o  avoid r o l l  lock-in. While these 

analyses provide a spectacular demonstration of the efficacy of the con- 

trol techniques, large motion disturbances and angles of attack are 

generated i n  the process. 

The same control procedures w i l l  apply equally w e l l  t o  maintaining 

the angle of attack t o  within a prescribed l i m i t .  

tolerance contours are determined fo r  the condition where cy 

varies throu@art the trajectory. 

evaluated fo r  the appropriate worst condition arrangement (i. e. , n e s t i v e  

The r o l l  lock-in 

= cy*, which T 
%e corresponding contours are 

induced r o l l  moment) a t  the selected angle of attack. 

Significant improvement i n  the tolerance contours fo r  a four degree 

angle of attack l i m i t  is  achieved by means of a f i n  deflection t o  0.5 

degree, as i l lustrated in Figure 2-19. A twofold increase i n  the t r i m  
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asymmetry intercept magnitude is obtained f o r  f&,, while an almost three- 

fold increase resu l t s  f o r  8.  

Similarly, the timing criteria developed f o r  the r o l l  lock-in case 

applies directly t o  angle of attack control. 

timing c r i t e r i a  of Figure 2-8 (point EE) provides an angle of attack s i p  

nif icsnt ly  less than the  prescribed l i m i t .  

response is i l l u s t r a t ed  i n  Figure 2-20 f o r  the Go and 8 intercept. 

peak angle of attack f o r  the nominal r o l l  program (6  = 0.3 degree) is  

6.3 degrees or  57 percent above the l i m i t  due t o  dynamic lag effects.  

W i t h  r o l l  control, the  peak response i s  reduced t o  2.2 degrees or  t o  55 

percent of the l i m i t  (four degrees). 

In  addition, the i n i t i a l  

This reduced angle of attack 

The 

Thus, the control techniques designed t o  decrease suscept ibi l i ty  

t o  r o l l  lock-in can prwide a powerful means f o r  controlling angle of 

attack within acceptable limits for  every f l igh t .  
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Section 3 
DESIGN EVAIJJATION 

The objective of the design evaluation is  t o  provide a relative 

comparison of weight, ccpnplexity, size and adaptability t o  operational 

and development vehicles. 

t o  clearly demonstrate the relative merits of each method of roll con- 

t rol  i n  order t o  recommend the most promising approach for further 

development. 

The analysis was carried t o  sufficient depth 

3.1 Performance Requirements 

The approach was t o  select  the performance requirements for each 

technique Wed on a representative and significant improvement i n  the 

a sy~x~e t ry  contours as discussed in  Section 2. The performance capability 

described in  Figure 2-6 for ea& method has been selected for  design can- 

parison. The sizing of the  applied moment w a s  adjusted t o  yield a common 

intercept magnitude of the trim asymmetry. For example, the control mag- 

nitude for roll reaction rnonmt equivalent t o  an effective f i n  cant 

increase of 0.2 degree is RM = 1372 ft-lb. 

l en t  magnitudes fo r  each technique are shown i n  the following table, 

column I i n  terms of an 0.2 degree f i n  cant increment and column I1 with 

respect t o  a 500 f t - l b  r o l l  reaction moment. 

The corresponding equiva- 



Technique I I1 a 
R o l l  aileron, A6a-deg 0.2 0.10 

Roll reaction, RM-ft-lb 1372 500 

Pitch reaction, PM-ft-lb 11, OOO 4,000 

C.G. shift ,  Am-inch 0.62 0.30 

Pitch aileron, A6 -de@; 0.25 0.125 P 

It is seen that  significant differences i n  performance requirements 

can occur depending upon the standard of comparison. 

values listed i n  column 11 w e r e  selected f o r  the design compsrison. 

On t h i s  basis, the 

3.2 Sens ing Requirements 

The impulse r o l l  control technique, whether reaction or  aerodynamic 

surface, requires only a timer for in i t ia t ion  of the  control action if  

no r o l l  rate limitation is  imposed. Zit& a mx-&m rcll rate l i m i t ,  a 

termination time signal is required i n  addition. The pitch control and 

c.g. sh i f t  r o l l  control techniques require, i n  addition, a determinatioq 

of the orientation of the pitch trim asymmetry. 

The most direct measure of the trim asymmetry is the resulting 

tr-ed normal force. 

the  motions about trim can be eliminated. 

By adequate f i l t e r ing  or  damping of the sensor, 

The magnitude of the t r i m  

normal acceleration is sufficiently large as depicted i n  Figure 3-1 fo r  

an assumed one degree trim angle of attack t o  distinguish from the centri-  

pe t a l  acceleration from r o l l  or even t o  provide direct  actuation of the 

control mechanism. For example, at  the nominal resonance time of 32 
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seconds, the aerodynamic normal force acceleration is  15 g's per degree 

angle of attack compared t o  about 4 g 's  centripetal  at  the f i n  tips. 

!Che roll moment method re-ires only timing signals t o  i n i t i a t e  

and terminate the roll reaction impulse or aerodynamic surface deflec- 

t ion of fixed magnitude. For a selected nmiaal  roll rate program and 

given control magnitude, the timing can be preset. 

of the applied control moment is k n m  (i.e., t o  aid the f i n  cant moment), 

knawledge of the orientation of the trim asymmetry and c. g. offset  is 

unnecessary. On the other hand, use of pitch control and c.g. sh i f t  

require determination of the arrangement of the trim asymmetry early i n  

the flight (i.e., prior t o  resonance). 

method appears most a t t ract ive from this viewpoint because of reduced 

complexity. 

Since the direction 

The r o l l  moment supentat ion 

3.3 Packaging Requirements 

Two locations within the Aerobee 350 vehicle have been selected 

f o r  placement of the control device: (1) a one-diameter body extension 

immediately forward of the sustainer  pressurization tank (Sta. 110.0 of 

Space General Drawing no. 1102!300) and (2) within the f i n s .  Location 1 , 

has the advantages of unencumbered volume, good pitch moment arm, and 

close t o  the e lec t r ica l  umbilical from the service tower. It has the 

disadvantages of added s t ructural  we%@, increasing vehicle length and 

small r o l l  moment am. 

bca t ion  2 has the advantages of a large moment arm i n  both r o l l  

and pitch, minimum additional structure and no configuration change. Its 

disadvantages are restricted volume and distance from e lec t r ica l  umbilical. 
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The basic ground rule being observed f o r  the design evaluation is 

that no changes t o  the launching f ac i l i t y  be required, especially con- 

cerning f i n  span. 

3.4 Mechanization Schemes 

A number of preliminary mechanization schemes are presented i n  

Figure 3-2 f o r  the reaction impulse technique, 

center of gravity shift technique, and i n  Figure 3-4 fo r  the aerodynamic 

surface deflection technique. 

Figure 3-3 fo r  the 

Reaction jets can be m o u k e d  i n  either a body extension or on the 

trailing edge of the f ins ,  as shown i n  Figure 3-28 f o r  r o l l  and i n  

Figure 3-2b f o r  pitch control. 

are needed f o r  r o l l  since the desired direction of the control moment 

i s  known. 

of weight since a hydrogen peroxhle eoU ~ y s t e ~ l  would weigh about one- 

t h i rd  more than solid motors due t o  the  lower specific impulse. Packaging 

the r o l l  impulse device i n  the body extension increases the propellant 

weight by a f'actor of about four due t o  the smaller moment a r m  available. 

O n l y  two diametrically opposed nozzles 

Stored gas units  were considered but eliminated upon the basis 

The pitch reaction system of Figure 3-2b was eliminated from con- 

tention on the basis of preliminary weight estimates alone. 

mounted unit ,  a thrust level of about 330 pounds is required f o r  the 

4000 lb-ft  pitch moment. 

23 pounds for  one thruster. 

any orientation of the trim asymmetry, a to t a lwe i@t  on the order of 

200 pounds is  required, including iner t  and sensor weights. About 25 

percent smaller w e i g h t  is required fo r  the thruster units when mounted 

With a fin- 

The corresponding propellant weight is then 

Since four units  are required to accammodate 

a 
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i n  the body extension due t o  the increase i n  moment arm about the center 

of gravity. merefore, only the roll reaction mechanization schemes of 

Figure 3-2a were evaluated. 

Possible mechanization schemes for the c.g. shift  technique are  

sham i n  Figure 3-38 f o r  stored pressure actuation and i n  Figure 3-3b 

fo r  acceleration actuation. The body-mounted arrangement consists of a 

tube with the transfer w e i a t  i n i t i a l l y  restrained s l igh t ly  offset frm, 

the vehicle centerline. 

with the normal acceleration caused by the pitch trim asynrmetry ear1.y 

i n  the flight. 

i s  released and slides t o  the cbnd of the tube where it bursts a diaphragm. 

Pressurized gas frm the storage tank then expands in to  the cylinder and 

forces the control mass t o  the opposite end of the tube and also locks 

the tube orientation. 

t ha t  during passage through resonance the c.g.-normal force coupling 

increases the r o i l  rate. 

t o  transfer the control mass. 

onds) with the maximum trim asymmetry (cy*), a pressure of 61 ps i  w i l l  

provide a 1 g acceleration t o  the control mass i n  a three-inch diameter 

tube. 

'Ifie rvtsulting pendulum effect aligns the tube 

For a given acceleration threshold, the t ransfer  weight 

!&is sh:fts the vehicle center of gravity such 

Eeh t ive  iow pressure in t i e  h b e  is required 

For example, a t  nominal resonance (32 sec- 

By ut i l iz ing  the same transfer methods i n  the f i n  location, assun- 

ing m e r c u r y  as the control mass, the  w e i g h t  can be reduced by about 77 

percent due t o  the longer transfer distance. However, since t r ans fe r  i n  

the  plane of the f i n s  or  midway between f ins  only can be achieved, the 

control mass allowance must be doubled. 

t i on  i n  w e i g h t  over the body mounting can be attained with the f i n  t i p  

arrangement. 

Hence, only a 55 percent reduc- 

Another possible control mass transfer method is t o  u t i l i z e  
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a piston t o  develop different ia l  pressure on the mercury tanks i n  the 

fins, as shown in  Figure 3-3b. The acceleration of the mercury and 

piston is made up of the sum and difference of the centripetal  and 

normal acceleration on opposing fins. 

then transfers the mercury t o  the opposite tank. 

the pistons mer transfer i s  required t o  prevent backflow w i t h  rotatiolz 

of the trim normal acceleration vector i n  the body. 

weight for  the pistons is  required f o r  t h i s  method. 

Ihe resulting pressure difference 

A means f o r  latching 

Sane increase i n  

Several schemes f o r  aerodynamic surface deflection are sham i n  

Figure 3-4. 

by detaching appropriate t r a i l i n g  edge sections of the f in .  The original 

symmetrical f i n  contour is maintained u n t i l  the in i t ia t ion  t i m e  (to) when 

the right side glove on the upper f i n  (left-hand side on lower f in )  is 

detached t o  provide an effective t i p  aileron deflection. A t  the selected 

termination t i m e  (tf), the opposite glove on each f i n  is removed, return- 

ing  the f i n  t o  synnaetry and nearly the original r o l l  rate programming. 

The w e i g h t  w i l l  be in  proportion t o  the area of the glove t o  the f i n ' s  

area and weight. Another approach i s  t o  place the glove Over the can- 

ple te  f i n  t i p  without any alteration t o  the existing f in .  

ing. of the f i n  t i p  may interfere with the hunch tower, however. 

The gluve technique of Figure 3-4a provides a r o l l  impulse 

This thicken- 

A second scheme f o r  r o l l  control i s  the f i n  t i p  aileron or trailirg 

edge f lap  of Figure 3-4b. 

f o r  an increased r o l l  deflectioa a t  the specified in i t ia t ion  time. A t  the 

termination time, t h i s  spring is released, allowing a secondary spring 

load t o  return the aileron t o  zero deflection. A two-event timer and 

pin puller device are required. A small stored gas actuator could be 

The spring-loaded t i p  aileron can be triggered 
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used i n  place of a mechanical sgring. 

is required t o  achieve the selected contour improvement. 

with an aileron area of six percent of the total fin area, a deflection 

angle of about 1.5 degrees is required t o  yield m effective f i n  cant 

increase of 0.1 degree. 

require about 2.8 degrees deflection angle. 

nate the spring or gas actuation by using unbalanced flaps deflected by 

the normal acceleration, as indicated with the bottom fin i n  Figure 3-4b. 

For r o l l  control, the deflecticm is allowed i n  one direction, which 

requires a s p l i t  unbalance mass. 

R e l a t i v e  small aileron deflection 

For example, 

A t ra i l ing  edge f l ap  of the same area w o u l d  

It may be possible t o  elimi- 

Pitch control can be handled by the same size ailerons or flaps as 

fo r  the roll control. The unbalanced canard or  f i n  surfaces, as shown 

i n  Figure 3-412, can provide a :zoportional deflection f o r  the s t a t i c  

trim asynnoetry (1. e., zero r o l l  rate). 

is  indicated by the small dot and arrow. 

u t i l i z e  an internal mass pendulum and two shaf'ts working against a spring 

torsion. Adequate damping is needed t o  filter out the motion about t r im.  

A rachet or clamping arrangement maintains the control deflection t o  

offset the trim asymmetry. The direction of the deflection is  accounted 

for  by the normal force orientation and no timing or  auxiliary actuation 

mechanism is needed. 

t i ona l  angle of attack control. 

The balance mass distribution 

Body-mounted canard could 

This method appears quite a t t ract ive f o r  propor- 

A method f o r  r o l l  ra te  programming has been devised, as depicted 

in  Figure 3-h.  

is shown on the left. 

provide an effective f i n  cant of one degree, f o r  example. 

A mechanical governor device operated by the  spin r a t e  

The f lap  or t i p  aileron is normally deflected t o  

When the r o l l  a 
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rate l i m i t  (say 2 rps) is reached, the centripetal  accelerstion rotates 

the pendulum and through linkage reduces the f lap  or aileron deflection. 

Because of excellent r o l l  damping, no deflection for  negative r o l l  accele- 

ration is needed. The large effect of n o m 1  force on the governor elimi- 

nated this scheme from further consideration. 

gyro can be used i n  the same manner, as i l lustrated i n  the right-hand 

sketch. The r o l l  rate input t o  the gyro causes a proportional output 

torque t o  reduce the i n i t i a l  aileron deflection as the r o l l  rate approazhes 

the desired magnitude. 

Sidewinder missile. 

A simple airstream-driven 

This technique is currently used on the Navy 

The mechanization schemes described are examined i n  greater detail 

t o  establish comparative weights, complexity and adaptability t o  existing 

sounding rockets i n  the following sections. 

3.5 Description of Control Devices mluated 

Six particular control devices were exam,* in greater detail  w i t h  

It w i l l  be noted that. the results presented i n  Figures 3-5 through 3-10. 

a l l  of these devices are f i n  mounted and provide an auxiliary r o l l  driving 

moment, except f o r  the center of gravity displacement mechanism. 

Reaction Impulse 

The r o l l  reaction impulse mechanization, as i l lust rated i n  Figure 3-5, 

represents perhaps the most straightforward approach i n  terms of operational 

simplicity. 

t r a i l i n g  edges of two of the Aerobee 350 fins,  w i t h  the right angle nozzle 

placed near the t i p  (3.5 foot moment arm). 

The end burning solid propellant rocket is mounted on the 

A thrust level of 70 pounds 



and burning time of 14 semnds are required. 

the Atlantic Research Corporation "Metroc" motor with a fiberglass case. 

Its Ckvugcteristfcs are listed below. 

The basis for t h i s  design is 

D i a m e t e r  3.0 inch 

L=#3th 39.0 inch 

Tfuvst 130 lb 

Burn The 17.5 sec 

Total Impulse 1930 lb-sec 

Wei@t 14 lb 

I n  order t o  assess the w e i g h t  fo r  application t o  the r o l l  control 

mechanization, t h i s  motor was simply cut i n  half, a r ight  angle nozzle 

incorporsted, and the thrust reduced t o  re ta in  the same burn t i m e .  

Obviously, motor development is required, pasticularly f o r  the right 

angle nozzle, for  which it is probably best t o  start frm scratch rather 

than attempt t o  alter the Metroc motor (Ref. 6). 

was included for  the nozzle revision. Brackets and attachments a c c m t e d  

f o r  0.5 lb  on each f in .  

solid state m o d e l  1716), and wiring account fo r  0.6 lb. 

the  power suurce and timer was used f o r  a l l  devices where required. 

total weight of 17 lb looks f a i r l y  a t t ract ive.  

event is required for  motor ignition, excellent r e l i a b i l i t y  should resul t .  

Only impulsive r o l l  m m n t  additions are  possible so that hi& r o l l  rates 

can resul t .  

An additional 0.5 lb 

The battery (Yardney-Silvercells), timer (&ASTAT- 

This weight for 

The 

Since only one timing 

C.G. Shift  

A re lat ively simple mechanism f o r  the center of gravity displacement 

scheme emerged during the design as presented i n  Figure 3-6. Mercury 
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l 

I 

i s  contained i n  flasks at the t i p  of each fin.  

*om the s t a t i c  trim normal forze causes the mercury t o  burst the appro- 

pr ia te  diaphragm (e.g., Calmec part no. 567-16A). 

mercury then sh i f t s  the center of gravity i n  the proper direction to 

increase the rollmcunent during r e s o m e .  

The acceleration result ing 

llhe release of the 

This scheme avoids the use of 

a pressure source and tubes passing near the sustsiner nozzles required 

for  positive transfer scheme oi' Figure 3-3. No timing device or power 

source is required. 

0.3 inch c.g. shift) and was not c a r r i e d  any further. 

However, the system is very heavy (100 pounds f o r  

Aerodynamic G l w e  

The remaining mechanisms represent variations of aerodynamic sur- 

face deflection techniques. 

aileron arrangement on two f i n s  shown i n  Figure 3-7. 

the glove hook around the t r a i l i ng  edges of the f i n  and are secured at  

me "glove" concept was evalusted fo r  a t i p  

The two halves of 

the leading edge by explosive sei;;-atim devices mch nn the Hi-Shear 

Corporation, Model SN-1100-2, separation nut. The right-hand side is 

ejected at  the i n i t i a l  time t o  yield an effective t i p  deflection for 

positive r o l l  moment. 

hooks around the r igh t  t r a i l i ng  edge. A t  the final time, the second 

separation nut releases the  s t r ap  and the left-hand side is stripped 

away by the airstream. 

f i n s  were assumed for  the glove (0.1 inch aluminum skin). 

event timer and battery a t o t a l  weight of 27 pounds results fo r  two fins.  

The principal operational disadvantage of increased f i n  thickness is 

increased drag and possible interference with the launch tower. 

The left-hand side is  retained by the s t rap which 

The construction details of the Aerobee 350 

With the tvo 
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Tip  Aileron 

The movable t i p  aileron of Figure 3-8 provides the most effective 

aerodynamic surface Ewraqement. 

w i t h  additional bracing at the joint. 

locked t o  provide widely spaced bearing surfaces. 

pinned t o  the aileron. 

pressure (at the 2 D  location). 

Corporation Model SP 1106) releases the pivot a t  the i n i t i a l  time, the 

positive aerodynamic hinge maaaent deflects the aileron against the 

return actuator. A five-degree deflection angle is shown. Ihe aileron 

is  prevented frm deflecting i n  the negative r o l l  direction by the l imi t  

stop. 

the aileron t o  zero deflection at the second signal from the two event 

timer. 

the use of the existing fin structure. 

t i on  and suppress oscillations due t o  rapid r o l l  rate changes. 

appears very at t ract ive frm the standpoint of w e i g h t ,  simplicity and r o l l  

effectiveness. 

ness of the t i p  aileron. 

The existing f i n  t i p  has been u t i l i zed  

The cast  aluminum pivots are inter- 

The pivot shsft is 

The hinge l ine is  placed aft of the center of 

When the pin puller (such as the Hi-Shear 

The actuator (such as Hi-Shear Model SF 2012-4 thruster)  returns 

A l ight weight of t e n  pounds for  two f in s  resul ts ,  mainly due t o  

A damper would enhance the opera- 

This design 

In  addition, aeroelastic bending increases the effective- 

Trail ing Eage Spoiler 

"rai l ing edge flaps and spoiler provide essentially the same r o l l  

effectiveness. 

f i n  with almost no alterations, whereas the t r a i l i ng  edge flap involves 

changes similar t o  the t i p  aileron. Therefore, the spoiler arrangement 

s h m  in  Figure 3-9 w a s  evaluated in  l ieu of a t ra i l ing  edge flap.  The 

spoiler sl ides on two guides mounted i n  the trail ing edge channel. The 

However, the spoiler can be incorporated i n  the Aerobee 350 
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frame-mounted laver pin puller releases the spoiler blade at the i n i t i a l  

t i m e .  

stream as i l lustrated.  

puller releases the actuation spring collar and allows the smaller spring 

t o  return the blade t o  the closed position. 

of the springs and pin puller are sham i n  the insert. Gas generator 

actuators such as the Hi-Sheax Model SF 2012-4 thruster could be used 

i n  place of the springs. 

for  two fins of about six pounds. 

optimistic since the actuation mechanisms must be protected from the 

sustainer exhaust plume during boost. Also the s ize  may increase t o  

account for  decrease i n  effectiveness due t o  aeroelastic bending. 

spoiler is easi ly  adaptable t o  any thick t r a i l i ng  edge f in .  

!the preloaded actuator spring deflects the spoiler into the air- 

A t  the f inal  t i m e  the spoiler mounted upper pin 

Details of the arrangement 

Thespoiler Shawn here yields the lowest wei&t 

However, this is  probably samewhat 

The 

Gyro- Aileron 

me Oevices described ab- yield an impulsive roll martent or 

asymmetry reduction and, hence, are subject t o  any r o l l  rate limitation. 

The mechanism of Figure 3-10 consisting of a t i p  aileron with a w i n d -  

driven-gyro actuator shows great pramise fo r  r o l l  programming. 

type of system is used on the Sidewinder missile (Ref .  7 and 8) and has 

been examined in  de t a i l  for  application to  glide bombs (Ref. 9) and other 

missiles (Ref. 10 and 11). 

against the stop at  f ive  degrees fo r  the design shown. 

a t  eight degrees deflection.) 

t o  velocity (Ref. 8 indicates a peripheral wheel speed of about 4.0 t o  45 

percent of the air speed). 

which precesses and deflects the aileron i n  the direction t o  reduce r o l l  

This 

The' torsion spring preload deflects the aileron 

(The spring unloads 

The gyro wheel spins at a rate proportional 

The vehicle r o l l  motion torques the gyro 



rate. 

the desired spin rate, at  which t i m e  the aileron j u s t  begins t o  cane off 

the stop. 

deflection throughout the  flight. 

negative deflections. 

(13 pounds including a one-pound damper). A two-pound w h e e l  w i t h  speeds 

up t o  60,000 r p m  appears satisfactory fo r  nearly constant r o l l  rate pro- 

gramming. 

ance w i t h  the deflected aileron at an earlier t i m e  is satisfactory. A 

pin puller could be used t o  maintain zero aileron deflection u n t i l  the 

i n i t i a l  t i m e  c r i t e r i a  i n  order t o  reduce the angle of attack response. 

The additional w e i g h t  w o u l d  be about 1.1 pounds f o r  two fins. 

!&e spring preload is set t o  equal the gyro precession torque a t  

Ibe increasing wheel. spin rate continues t o  reduce the aileron 

A l i m i t  pin can a l so  be used t o  r e s t r i c t  

The dwfce epplied t o  two fins is fairly l igh t  

No timer or power s m c e  is required if passage through reson- 

The predicted steady r o l l  rate performance f o r  gyro spin rate pro- 

The spring preload portional t o  velocity is i l lustrated i n  Figure 3-11. 

condition is determined by t h e  aileron deflection angle and the nominal 

spin rate required. 

aileron deflection of K = 2.66 is  required. 

the deflection stop is  sham by the dashed l ine  up t o  2 r p s  a t  35.8 sec- 

onds increasing t o  about 2.06 r p s  maximum and drapping below 2 r p s  after 

45.5 seconds. 

accommodated (see Section 2.4). 

r o l l  response is depicted by the  heavy curve f o r  which resonance occurs 

a t  26.5 seconds. If the aileron is restrained at  zero deflection u n t i l  

30 seconds, the r o l l  rate response indicated by the hatched l ines results. 

With a larger aileron deflection (e.g., K = LO), 2 rps r o l l  rate is 

reached earlier a t  20.5 seconds, increasing t o  a maximum of 2.3 rps. 

For example, w i t h  a K = 1.67 and 2 rps, an u n l d e d  

The spin rate response without 

This second point is selected by the ACG tolerance t o  be 

With a deflection l i m i t  a t  K = 1.67 the 
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Thus, very reasonable r o l l  rate programs can be achieved even f o r  large 

deflections. The r o l l  rate responses of Figure 3-11 suggests the use 

of' the gyro-aileron t o  program r o l l  rate above resonance immediately, 

such as depicted by the curve f o r  bo = 2.3 (K = 7.68). 

represents essentially a continuation of the booster r o l l  programming. 

Iarge aileron cant angles are required but the loads experienced are 

mild. 

seconds, a constant aileron force of 13 pounds is required f o r  two f i n s .  

The suggested r o l l  program can accrue very large benefits i n  terms 

This program 

For example, i n  order t o  yield 600 deg/sec r o l l  rate i n  f ive  

of the asymmetry tolerance Fmprovement. Theoretically, the tolerances are 

infinite since the r o l l  rate is always above resonance, and the  rolling 

trim angle of attack is zero. I n  actual practice, however, normal f i n  

cant deviations, etc., can yield r o l l  rates closer t o  resonance, result ing 

i n  a rol l ing trim angle of attack other than zero with consequent r o l l  

coupling. But since the aerodynamic damping is  large i n  t h i s  f l i g h t  

regime, angle of attack amp1if::cation a t  resomnce is relat ively smaii 

and r o l l  resonance may not be especially objectionable. The asymmetry 

tolerances t o  breakout from resonance can be easily defined by methods 

of Section 2. 

ai leron i s  the reduction of r o l l  rate late i n  the f l ight .  

An additional feature of the r o l l  programming by the gyro 

While the 

f l i g h t  vehicle cannot respond t o  the steady state r o l l  rates depicted i n  

Figure 3-11 due t o  lag a t  hi& altitudes, reasonably low roll rates can 

be expected. 

This gyro aileron retains a l l  of the advantages of the t i p  aileron 

(i.e., high r o l l  effectiveness, low weight and simplicity), i n  addition t o  

providing the advantages of r o l l  programming. The wind-driven-gyro actua- 
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t ion has been demonstrated i n  operational vehicles. 

sounding rockets consists primarily of incorporating the  spring preload 

Adapting the gyro wheel t o  th in  f i n s  does not appear t o  present any 

unsurmountable problems. 

The adaptation t o  

3.6 Design comparison 

The principal characterist ics of the devices described i n  Section 3.5 

are sllmmRrized i n  Figure 3-12 f o r  d i rec t  comparison. 

mechanization is included also fo r  reference although no design details 

are presented. The c.g. s h i f t  can be elfminated f'rm f'urther considera- 

t ion  upon the basis of w e i g h t  alone. The pitch reaction device requires 

four thrusters and an additions1 device for sensing the proper directidn 

t o  thrust .  Two extra thrusters must be carried along fo r  the ride since 

thrust direction i s  fixed, e s smt i a l ly  doubling the w e i g h t .  Hence, the 

pi tch reaction device was eiimiii&& Lf'rm ecxrbent.ion. 

A pitch reaction 

The fixed deflection aerodynamic surfaces (glove, spoi ler  and t i p  

aileron) requires a two event time signal. 

the glove and the decrease i n  r o l l  effectiveness of the spoi ler  due t o  

i t s  t r a i l i n g  edge location and aeroelastic bending tend t o  favor the t i p  

aileron. 

not considered significant enough f o r  selection of the ai leron on the 

The relat ively high weight of 

The w e i @  difference between the spoiler and t i p  a i leron is  

basis of weight alone with the type of design evaluation made here. 

The selection of the tip3aileron Over the roll reaction device 

appears j u s t i f i ed  on the basis of wei@ and the requirement f o r  a new 

motor development with a r ight  angle nozzle. 

Thus, the selection of the most promising control device evolves 
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t o  t i p  aileron and i ts  method OP actuation. 

be eliminated completely or  reduced t o  one event by use of the gyro 

actuation. 

tolerances by r o l l  rate programming and maintaining r o l l  rate within 

reasormable limits make the gyrc aileron the most promising device. 

The t iming  requirement can 

The potential  advantage for virtual elimination of asymetry 

Therefore, the gyro aileron r o l l  control mechanization is recommended 

fo r  further development. 

3.7 Development Plan 

The development of the gyro aileron control device should be a 

f a i r l y  straightforward analysis and design procedure. 

appears t o  be limiting the gyro wheel speed t o  within load capacity of 

available ballbearings.  

7 t o  9 indicates wheel peripheral speeds of about 40 percent of the air- 

stream. 

368,000 rpm at  the Aerobee 350 burnout velocity of 8OOO fps  would result .  

Wheel design, location and air ducting need careful consideration t o  yield 

wheel speeds within reasonable mechanical limits. Wind tunnel tests would 

be helpf'ul t o  verify the wheel design, aileron hinge moment and damper 

characteristics pr ior  t o  f l i gh t  testing on the Aerobee 350 development 

vehicles . 

The principal problem 

The simple saw tooth wheel desi- of References 

For a fully exTos4 vhedcf tvo-hch diameter, a spin rate of 

The following program plan is suggested fo r  development and f l i gh t  

demonstration of the gyro aileron r o l l  control device. 

1. Evaluate r o l l  rate performance characteristics t o  

a. Establish' aileron sizing 

b. Gyro wheel response 
3- 16 



c. Roll rate programming 

2. Design wind tunnel tests to 

a. 

b. Verify tip aileron aero-characteristics 

c. Demonstrate Free spin control 

Assess gyro wheel performance and response 

3. Perform detail design for application to 

a. 

b. 

!thick finned vehicles (e .g. ,  Aerobee 350) 

Thin finned vehicles (e.g., Mike-Apache) 

4. Flight performance tests 

a. 

b. Fabricate gyro aileron 

C .  Define instrumentation requirement 

d. Perform evaluation of test data 

Modify existing Aerobee 350 fins 

5. Final Development 

a. 

b. Prepare fabrication plans 

Mcdifly design based on flight test performance 
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Section 4 
C O N C L U S I O ~  A.ND RECOMMF#DATIONS 

The follawing conclusions can be drawn from the motion analysis 

and design studies conducted during the course of the investigation. 

1. Significant improvement i n  the asymmetry tolerance contours f o r  

maximum angle of attack and r o l l  lock-in can be obtained with 

r o l l  and pitch control. 

d i rec t ly  proportional t o  the s ize  of the applied control moment. 

!The magnitude of the improvement is  

2. Roll  control yields the most simple system. 

the applied moment is known a pr ior i ,  eliminating in-f l ight  

measurement of the orientation of the  asymmetries. 

attack response t o  asynrmetries is  greatly reduced due t o  high 

rate of passage through resonance. 

The direction of 

Angle of 

3. Control capability and timing criteria based on equilibrium trim 

response provides r e a l i s t i c  and conservative c r i te r ia .  

c r i t e r i a  is re la t ive ly  insensitive t o  operational and vehicle 

deviations. 

Timing 

4. Operational res t r ic t ions such as a maximum r o l l  rate l imitation can 

severely r e s t r i c t  the usable tolerance contour improvement f o r  

impulsive fixed magnitude control moments. R o l l  rate programming 

can regain most of the  potential  improvement based on equilibrium 

t r i m  response. 
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5. Asymmetry tolerances can be vir tual ly  eliminated by programming 

r o l l  r a t e  above resonance immediately off the booster. 

6. Mechanization of reaction, weight s h i f t  sad aerodynamic surface 

r o l l  control devices yielding l i gh t  weia t  (10 t o  17 pounds) have 

been examined i n  sufficient de t a i l  for  r e a l i s t i c  canparison. Fin 

t i p  mounted devices proved most effective due t o  the large r o l l  

moment arm. 

7. The gyro-actuated t i p  aileron device is recamended fo r  further 

development because of i t s  l ight  w e i g h t  (13 pounds), high roll 

effectiveness, simplicity of operation, adaptability and, most 

importantly, i ts  capability for r o l l  ra te  programing. 

8. It is recomnded that development of the gyro-aileron device 

be in i t ia ted  promptly for f l i gh t  test on the 

ance f l i gh t s  during 1966 and 1967. 

Aerobee 350 perform- 
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